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Bronze studs: colouring, 
reconstruction, and conservation

Janneke Nienhuis, Jilt Sietsma, David Fontijn,  
Ineke Joosten and Joris Dik�

9.1 Introduction

As the previous chapters demonstrate, the Early Iron Age bronze studs from 
Zevenbergen, mound 7 are among the most important finds of the excavation, 
and the procedure followed for their conservation is special. In chapter 7, it was 
argued on the basis of find context that these studs were affixed to some organic 
material, probably wood or leather. It was also observed that the objects display re-
markable colours. Several questions still remain, which this chapter will address:

What is the composition of the bronze studs, and can the different colours be 
explained on basis of these results?
What is the most plausible prehistoric production process of the studs?
Does the conservation treatment influence the analyses?

To answer the first research question, an assembly of 66 fragments is available for 
closer study (section 9.�.�). These fragments include intact studs as well as dis-
torted and broken pieces of bronze once belonging to multiple intact studs. The 
objects selected show a variety of colours (Fig. 9.�): brownish-black and white 
with green spots and occasionally red grain-like structures. In section 9.2, the 
results of several analytical techniques that give insight into the composition of 
the studs are presented and discussed.

The second question does not necessarily need analytical equipment in order 
to be answered. This chapter will propose several options for production, based 
on close visual study of the available studs and literature. A reconstruction of the 
process is described in section 9.3.

During the use of certain analytical techniques, information about the conser-
vation treatments will be gained. The influence of the application of the treatment 
on the bronzes can be therefore evaluated as well, which is done in section 9.4. 

9.�.� Available study sample

Not all bronze fragments from mound 7 are available for analytical research and a 
selection has therefore been made. The sample set is composed of 64 small studs 
and fragments and two larger studs in order to examine similarities in composi-
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2 transformation through destruction

tion and colour between the two sizes (Tab. 9.�). Also, possible organic residue 
was found in two studs (section 9.2.7 and chapter ��). Five selected studs were 
made available for study using techniques that require the stud be destructed in 
order to fully examine, such as for example microstructure analysis (section 9.2.4). 
Since the material was excavated with the block-lifting technique, information 
concerning the positioning of the studs in the barrow is available. Samples from 
different locations and levels were examined to determine possible interrelation-
ships between the studs and in relation to their position in the burial mound 
(chapter 7).

Pieces of bronze with the different colours (brownish-black, white, green, and 
red) were selected, since the colouration of the studs gives rise to questions about 
the original colour(s).

A broken piece of bronze, seemingly a leg with facetted sides and a white-
greenish appearance, was embedded in epoxy resin and sectioned and polished to 
reveal the internal structure of the object. 

Fig. 9.1 Optical micrographs 
showing the different colours 
on the studs and the differ-
ences between the bronze 
objects from Zevenbergen. (A) 
Brownish-black stud with legs 
bent outward; (B) white stud 
with folded legs; (C) white 
stud with straight, pointy 
legs and black contamination; 
(D) brownish-black stud with 
green and white regions as 
well as a distinct side-view 
of the legs. Figure by J. 
Nienhuis/J. van Donkersgoed.

Find location Amount Head size

V 176 5 ± 0.5 cm

V 173A, level 1, square B/2 1 ± 1.0 cm

V 173A, level 3, square B/2 29 ± 0.5 cm

1 ± 1.0 cm

V 173A, level 3, square B/3 30 ± 0.5 cm

Table 9.1 Summary of the ori- 
gin of the sample set of bronze 
studs and fragments. Those 
with head size around 1.0 cm  
are of the large variety, where-
as those measuring around 0.5 
cm are of the small variety as 
defined in section 7.5.1.
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9.�.2 Methodology

There are several analytical techniques that can be used to answer the three re-
search questions. This section discusses the various techniques used, as well as 
their advantages and disadvantages. 

Visual examination using optical microscopy

Visual examination can be performed with a digital 3D optical microscope in or-
der to characterize the external features of the studs. This microscope can be set up 
to take pictures of a sample focussing on sequential height intervals. Synthesizing 
these partly in-focus images results in an image in which the field of view is 
completely in focus. 

In this research, a 3D optical microscope of the type Hirox KH7700 was used. 
The colours and sometimes also the morphology of the surface and corrosion 
products (or patina) of the 66 bronze fragments were characterized on a macro-
scale, as well as the size of the studs. 

X-Ray Fluorescence

X-Ray Fluorescence (XRF) is a technique that non-destructively determines the 
average composition of a material in a very fast way in a layer of approximately 
�00 μm beneath the surface. With XRF, the sample material is irradiated with 
X-rays and the response from the interaction with the sample produces photons 
with an energy that is element specific. The energy of the fluorescence photons is 
measured, resulting in a spectrum in which characteristic peaks appear (Fig. 9.2). 
Primary peaks (usually K-peaks) originate from the first ~�00 μm of the material. 
When certain elements are present in sufficient amounts, like tin in the present 
samples, secondary peaks (mostly L-peaks) can be identified as well. These peaks 
originate from only the top few (~�0) micrometres of the material. Inelastic colli-
sions of incoming X-rays with the atoms in the materials will generate a so-called 
Compton peak, which is a measure for the average amount of light compounds in 
the material (containing elements approximately ranging from carbon to silicon). 
Consequently, a high fraction of corrosion products, as well as air between the 
beam exit and the sample, and organic conservation material will contribute to a 
relatively high Compton peak. 

A disadvantage of using XRF on layered and inhomogeneous artefacts is that 
accurate quantification is not possible. The penetration depth of this technique is 
low, depending on the material density and the X-ray energy (approximately �00 
μm; Gianoncelli/Kourousias 2007). To reduce the background noise, a filter can 
be used. The disadvantage of using a filter is that the detection limit of certain 
elements is increased and they cannot be identified as accurately as without the 
use of a filter. 

In this research a portable instrument (Bruker Tracer S� Turbo SD LE) was 
used, with a beam size of 3x4 mm2, which is too large to measure the local compo-
sition of, for example, coloured features. It does, however, enable the determina-
tion of the average elemental composition of the studs. Several bronze fragments 
are too small to yield reliable results with XRF, therefore 56 of the 66 available 
fragments (section 9.�.�) were measured using the portable XRF instrument. A 
filter containing titanium, iron, and molybdenum was used to reduce background 
noise. As a consequence, the lighter elements like chlorine, aluminium, and sili-
con, with atomic numbers up to 25 (manganese), were not identified accurately. 
Due to the inhomogeneity of the surface of the studs, in practice mostly the corro-
sion layer was measured. Therefore, XRF was only used to identify elements that 
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are present in the surface layers of the 56 bronze fragments. This means that for 
this research other techniques must be employed to verify the presence of corro-
sion products and/or soil contaminations, like Direct Temperature-resolved Mass 
Spectrometry (DT-MS, chapter ��) or X-Ray Diffraction (XRD). 

X-Ray Diffraction 

With X-Ray Diffraction (XRD), the entire object can be placed in the instrument 
and the surface layers are irradiated. The underlying principle is to deduce the 
presence of crystalline structures of solid materials by the diffraction of known 
incident radiation in a non-destructive way. The position and intensity of peaks 
in the resulting diffraction pattern provide qualitative and quantitative informa-
tion about the crystalline phases present, so both corrosion products and bronze 
phases. To get an accurate quantification, powdered scrapings of the material are 
needed. The penetration depth of the radiation is ~�0 μm, thereby providing only 
surface information. 

In this research, XRD analysis with a Bruker D8 instrument was performed 
on six studs. The spot size was either 0.3 or 0.8 mm, so it was possible to solely 
measure white, brown or green areas on the bronzes. Due to the inhomogeneity 
of the stud samples, the low penetration depth of the X-rays and the impos-
sibility of acquiring scrapings, only qualitative identification of compounds was 
performed. 

Scanning Electron Microscope

A Scanning Electron Microscope (SEM) can be used to study organic and inor-
ganic material on a micro-scale. This technique enables the creation of an image 
of the subject with a resolution smaller than � μm. The elemental composition 
(in wt%2) can be determined locally and qualitatively from a depth up to a few 
micrometres with an additional feature in the SEM, called Energy Dispersive X-
ray Spectrometry (EDS). 

In this research the organic residue in two studs and the microstructure of a 
cross-section of a stud leg were studied using a type JEOL JSM 59�0 LV, under 
low vacuum (30 Pa). Quantification of the concentration was done on the cross-
section with a Thermo NORAN UltraDry detector.

9.2 Stud composition

The objects from mound 7 were buried for thousands of years, making it plausible 
that their colour (variation) is the result of corrosion processes. As described in the 
previous section, several measurements were done on the bronze studs to deter-
mine whether there is something left of the original bronze composition, whether 
there are corrosion products present, and also whether organic residue is present. 
The results of these measurements are discussed in this section in order to answer 
the first research question.

2 wt% is an abbreviation for weight percent. Weight percent is the percentage of the mass of one 
kind of atom relative to the total mass of the mixture of atoms. Another unit often used is at% 
(atomic percent): the percentage of one kind of atom relative to the total number of the mixture 
of atoms.
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9.2.� XRF considerations

In order to properly make use of the results of the XRF analyses, there are some 
considerations that need to be discussed. As mentioned in section 9.�.2, XRF has 
a spot size of 3x4 mm2. The patina of the studs shows a large variety of colours 
on a smaller scale (Fig. 9.�) and this inhomogeneity has large consequences for 
the XRF results. One of the first questions that come to mind is whether the 
spectra resulting from different studs can reliably be compared in order to find 
out whether the same alloy was used for all objects. To do so, the spectra were 
normalized on a common peak, in this case the tin Kα� peak. This means a rela-
tive comparison is made on the basis of the ratio between peaks and this was used 
to define the relative scale for the concentrations. 

When two spectra are compared, situations like in figure 9.2 frequently occur: 
the height of all peaks except for one element is the same for both measurements, 
while the ratio between the two elemental peaks (Cu-Kα and Cu-Kβ for example) 
is constant. Differences of a factor two in the peak height were often encountered. 
This is most likely the result of corrosion phenomena during which one element 

Fig. 9.2 Two XRF spectra 
from the same stud (with 
unique number 106-2-173A 
L3 B2 #06), zoomed in at the 
copper Kα and Kβ peaks (left) 
and the tin Kα and Kβ peaks 
(right). Figure by J. Nienhuis/
J. van Donkersgoed.
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(either tin or copper) was preferentially leached out or oxidized. To set up a toler-
ance level, two spectra of one stud (from V �73, level 3, square B/2, known in this 
research as �06-2-�73A L3 B2 #06) were compared: one recorded at the top of the 
head and the other at the side (Fig. 9.2). No indications for a stud being made of 
several pieces were found and compositional variations over ranges larger than 3-4 
mm are not likely to occur, so in principle these spectra should be the same and 
originate from the same alloy. The result is that all peaks are indeed comparable, 
except for the copper peaks. The measurement of the head shows a total intensity 
of 75.000 counts, while that of the side is approximately 40.000 counts for the 
largest copper peak. This led to the conclusion that a difference of almost a factor 
two in the peak height does not necessarily mean that another alloy is involved, 
so this should be kept in mind while comparing samples. This factor is not a 
measuring uncertainty, but the consequence of the oxidation products present on 
the samples.

Comparing the inelastic Compton peaks after normalizing on the largest tin 
peak gives an indication of the presence of light materials on the sample (as ex-
plained in section 9.�.2). A thicker layer of air between the out coming X-rays 
and the stud surface indeed gave a higher peak, as well as the presence of white 
and green products. This suggests that these are corrosion products that are lighter 
than the bronze matrix. 

However, these contributions were hard to quantify, also because the presence 
of conservation coatings may influence the Compton peak height as well. Since 
all measured studs from the study sample have been treated, it is assumed that 
these coatings do attribute to the Compton peak in every sample and that this 
contribution is dependent on the thickness of the applied coating. 

2mm

40µm

Fig. 9.3 A look at the inside 
of the head of a stud. Due 
to fracture of the legs, the 
cross-section shows a white 
outer layer of about 40 µm 
thick. Also, grain-like green 
and red products can be seen. 
Figure by J. Nienhuis/J. van 
Donkersgoed.
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9.2.2 Brown, green and red areas

Differently coloured areas on the studs can be seen with the naked eye and through 
an optical microscope (Fig. 9.3). XRF, XRD, and SEM measurements were per-
formed to measure their composition. 

Brown areas

The majority of the studs have a brownish-black appearance. The XRF measure-
ments of brown-black regions show peaks of iron, copper, lead, and tin, and in the 
majority of cases arsenic as well, but the ratios between the peaks are very differ-
ent. On several occasions, nickel and antimony were detected next to the above-
mentioned set of elements. In a single case, the additional presence of only nickel 
was encountered. A bronze alloy is composed of copper with tin as common major 
alloying element. Minor alloying elements are lead, arsenic, nickel, iron, and anti-
mony. These are remnants of the impure copper and tin ore used. Upon corrosion 
of bronze, several oxidation products can form. Elements like lead and iron, most 
likely originating from the original alloy, can be incorporated in their structure 
(Wang et al. �995). Iron is present in all measured samples (XRF) and analysis of 
the residue in the large studs (section 9.2.7) showed that it is mainly a product 
of soil mineralization. SEM-EDS measurements on the internal structure of the 
embedded leg showed that about 0.6 wt% iron is present in phases that once 
contained the original alloying elements. XRD results showed that the corrosion 
products tenorite (CuO, black) and in smaller amounts cassiterite (SnO2, white 
if visible in larger amounts) were measured in the upper �0 μm of the surface of 
the dark brown samples. The strong L-peaks (section 9.�.2) of tin observed with 
XRF can confirm this. 

The thickness of the corrosion layer can affect the detection of lead, arsenic, 
nickel, iron, and antimony in the bulk. When a thicker corrosion layer is present, 
the penetration of X-rays will predominantly probe oxidation products and less 
original alloy. No oxidation products of nickel, antimony, lead or arsenic were 
identified with XRD, nor any copper-tin compounds. This shows that the top 
�0 μm of a stud is not composed of original alloy material and that XRD only 
probes corrosion layers, whereas XRF with its penetration depth of �00 μm does 
not only probe corrosion layers, but also underlying metal. The copper and tin 
peaks in the XRF spectra are thus probably composed of a part originating from 
the original alloy and a part that is due to the presence of corrosion products. The 
first estimation on the basis of peak area and quantification by SEM-EDS is that 
the concentration of each of the minor constituents (nickel, antimony, arsenic, 
lead, and iron) is less than �-2 wt%. 

So it seems that the brownish-black colour seen on the majority of the studs is 
a combination of bronze, corrosion (mainly tenorite), and soil products.

Green areas

Green products in a predominantly grain-like shape appear on almost every stud, 
in combination with white as well as brownish colours. The colour is that of 
malachite (Cu2(CO3)(OH)2), and this corrosion product was indeed identified by 
XRD. A small stud from V �73A, level 3, square B/2 and the large stud from V 
�73A, level �, square B/2 display very definite, green curly shapes with a size of up 
to � mm (respectively Fig. 9.4, 9.9, and 9.�0). This morphology has a transversely 
banded, pale green structure (Fig. 9.4). This is typical for the copper corrosion 
product malachite (Eggert 2007). Malachite usually appears in a grain-like shape 
or as a continuous layer, the curly shape being rather rare and mostly encountered 
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on archaeological specimens. The grain-like morphologies are indeed malachite, 
verified by XRD measurements, which renders it possible that the curls in which 
copper was identified with SEM-EDS are also malachite. The special curly shape 
may give a clue as to what kind of material the objects may have been attached 
to.

In principle, the only necessary condition for the formation of malachite is the 
presence of copper ions. Of course, carbon, oxygen, and hydrogen are required 
as well, but they are readily present in most soils. In literature, two possible ex-
planations for the formation of curly malachite are given. Either it is a so-called 
pseudomorph, a mineral replacement of organic material from the archaeological 
context (Robbiola 20��, pers. comm.), or it is a copper corrosion product that 
grew in a curly shape (Eggert 2007; Wight �998). 

In the last case, the curvature can either be induced by stresses present as sur-
face tension of the growing medium, and/or by external influences like different 
growth rates of the individual fibres in the malachite bundle (Wight �998, 3�8). 
Eggert (2007, 59) argues that curly malachite is not a pseudomorph, since no 
interwoven fibres have been encountered, as would be the case for leather, wood, 
and so on. Also, the production of comparable structures (of chemically different 
compounds) in the lab, and the presence of curls on mineralogical specimens led 
to this conclusion. Robbiola, however, states that these fibres are sometimes found 
in the vicinity of residual organic remains. Besides this, next to the curly shape, 
more common morphologies (e.g. compact) are often encountered on the same 
specimen or objects from the same site. This leads to the question why this special 
morphology crystallized in a context where usual compounds can also be formed. 
In the present case, it is assumed that the observed curly malachite is not a direct 
pseudomorph of support material of the studs since no interwoven or cellular 
structure was found. The presence of this type of corrosion product occurring 
next to usual shapes seems to be related to the former presence of organic remains, 
thereby only confirming that at some point (but not necessarily during use), the 
studs were affixed to non-metallic material. 

Red areas

About half of the specimens show red products in the shape of grains (Fig. 9.3). 
Solely based on the colour, they could be impurities from the burial environment, 
redepositions of copper due to selective corrosion, or copper corrosion products. 
Since tenorite (CuO) was present on other samples and redeposited copper is 
more yellow, it is therefore hypothesized that the red particles are copper corro-

Fig. 9.4 Small stud showing 
the unique curly shape of 
malachite, a pale green copper 
corrosion product. Figure by J. 
Nienhuis/J. van Donkersgoed.

0.2mm2mm
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sion products. Most likely this product is cuprite (Cu2O), which is red in colour. 
This could not be reliably verified by XRD, since the red particles are smaller (less 
than 0.4 mm in diameter) than the spot size of 0.3 mm.

9.2.3 White surfaces

A substantial number of studs (�5 out of 56 measured with XRF) has a white 
appearance with sufficient area (approximately � mm2) to be analyzed. A silvery 
colour on bronze antiquities can be attributed to three processes (Meeks �986): 

intentional tinning:
 (a) simple dip or wipe tinning
 (b) cassiterite reduction or cementation process
so-called tin sweat during cooling down after casting 
corrosion processes in which either the high-tin phase remains and copper 
selectively corrodes, or where white tin-oxide products like cassiterite are 
formed. 

All resulting structures are composed of a layered structure with different (cop-
per-tin) phases and compounds, on basis of which they can be resolved. Usually, 
the first two processes yield an object that is completely covered with whitish 
products, while corrosion processes can also lead to localized coloured areas. In 
the case of intentional tinning, copper-tin phases like delta (δ, Cu4�Sn��), epsilon 
(ε, Cu3Sn) and eta (η, Cu6Sn5) are always present in the top layer, which can be 
distinguished from the bulk.

The tinning step in the production process is the last of all, since working 
the object will disrupt the white layer. The microstructure evolution in simple 
tinning starts with a binary ε/η layer of about �0-50 μm thick. As the tinned 
layer is heated, this layer grows and transforms into ε. By further increasing the 
temperature, the ε compound undergoes a transformation to δ and consequently 
into α + δ with α being a solid solution of tin in copper. A thicker, initially tinned 
layer will result in the existence of a range of the previously mentioned phases and 
excess surface tin. Bronze tinned by cassiterite reduction shows a eutectoid α + δ 
structure, with angular α islands in a layer of approximately 50-500 μm thick. Tin 
sweat (± �0-�00 μm thick) on bronze consists of a solid solution of tin in copper 
(α) with the addition of α + δ penetrated into the core structure and in which the 
α islands are irregular. When corrosion has taken place, the microstructure of the 
original matrix can mostly be identified as a “ghost” structure. This means that all 
four options listed above can be discriminated by looking at their microstructure. 
However, tinned objects can also corrode, resulting in microstructures similar to 
artefacts that were not tinned intentionally, but that gained a tin-rich surface due 
to oxidation processes. This hinders the identification process, and analytical tech-
niques other than XRD and SEM(-EDS), like Transmission Electron Microscopy 
and/or Electron BackScatter Diffraction, are needed to elucidate the origin(s) of 
the tin-rich surface.

At this moment, measurements with XRF and XRD have been performed on 
the studs of Zevenbergen. Measurements with XRF on white parts indeed show 
an increased amount of tin compared to non-white specimens. The L-peaks of tin 
were also higher, indicating that relatively much tin is situated in the first �0 μm 
beneath the surface. XRD analyses showed that the sole (crystalline) compound in 
the first �0 μm of the surface on white samples seems to be cassiterite (SnO2) and 
that cassiterite is also present in minor amounts on brownish samples. Sometimes 
cuprite (Cu2O) was identified as well. Cuprite not always being detected can be 
explained by realising that a thick layer of cassiterite will prevent the detection of 
underlying cuprite. The penetration depth of XRF is larger than �0 μm, which ex-
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plains the detection of copper, lead, arsenic, and sometimes nickel and antimony. 
These observations suggest that the tin-enriched top layer mostly consists of cor-
rosion products, which is best visible in the white studs. For those specimens, the 
existence of this top layer was confirmed by optical micrographs (Fig. 9.3 and 
9.5), where a white layer of approximately 40 μm is seen in cross-section due to 
recent fractures or deliberate sectioning. The variation in XRF peak ratios of sev-
eral elements possibly originates from the varying layer thickness and composition 
of the underlying layer(s).

One can expect to find copper-tin phases when analyzing bronze with XRD, 
originating from the bulk and/or a tinned layer as described above. This is not the 
case for any of the studs measured. The most plausible explanation for this is the 
presence of corrosion products in combination with the small penetration depth 
of the X-rays. For the studs with white features, the tin-rich top layer (mostly 
around 40 μm) is thicker than this depth, meaning that if bronze phases are situ-
ated in this layer as well, or underneath, they cannot be identified with XRD. 

Visual examination of the objects from Zevenbergen showed that either the 
entire stud is white, or only the legs. This could imply that the white regions are 
the result of tin corrosion processes, locally influenced by the support material 
and formed after use. In the case of an entirely white stud, the inside of the head 
would have had to have been in contact with this (flexible) support, simultane-
ously with the outside. Another option is that the white colour was applied inten-
tionally, but has worn off at the heads during use, but not at the legs. In both cases 
it can be assumed that the legs have been mounted in a support. To be conclusive 
on the origin of the tin-rich white surfaces on the studs, the microstructure of the 
object needs to be characterized, which is discussed in the next section (9.2.4).

9.2.4 Internal structure visible in cross-section

The characterization and composition of the internal (micro)structure of the 
studs is important in order to establish whether it is still intact or if it is corroded. 
Production methods and traces of working can be deduced. Also, layering caused 
by tinning and/or corrosion processes can be visualised. The results are discussed 
in this section.

In figure 9.5, the cross-section of an embedded piece of bronze (section 9.�.�) 
from Zevenbergen is visible. One can see a structure that does not correspond to 
an intact bronze microstructure. First of all, different colours can be distinguished 
in the internal structure. Height differences on the surface are present, and oxygen 
was detected throughout the entire sample, indicating that the structure is com-
pletely corroded. Second, the grains seem to be detached from each other, while 
the (optically white) layer is predominantly continuous, but also not adhered to 
the bulk. It is unclear whether this really is the original microstructure, or whether 
it has been altered by the influence of heat and/or corrosion. The grains are not 
flattened, which suggests that the object was not worked in the last stages of pro-
duction. This does not mean that no working at all took place, since heating after 
working (annealing) will recrystallize the material and result in an equi-axed grain 
structure as well. Heating could be intentionally applied, or in this case could also 
be induced by the objects having been situated near the pyre. 

Since the structure is entirely corroded, characteristic features of working 
and annealing are difficult to detect. Direct evidence of casting and/or work-
ing the object can thus not be given. The internal cracking and detached grains 
can have several origins. Intercrystalline cracking can occur due to overworking 
(Scott �99�), but the large scale occurence here leads to the hypothesis that it is 
a result of volume change due to intergranular corrosion (Robbiola et al. �998). 
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Grain boundaries can act as galvanic cells to the grain centres due to inclusions, 
precipitates or other compositional gradients and those boundaries are first to cor-
rode. In bronze, the melting points of the constituents are different, and when the 
material is heated, coring can occur. This is a micro-segregation process whereby 
the centre of a grain is rich in the high-melting element (copper) and the grain 
boundary rich in the low-melting element (tin). This could also be an incentive 
for intergranular corrosion to occur.

The composition of most grains was measured with SEM-EDS and practically 
all grains consist of an average of about 50 wt% tin, �8 wt% oxygen, �3 wt% 
copper, 4 wt% aluminium, 3 wt% silicon, and less than � wt% iron. This shows 
that the structure is indeed composed of corrosion products. The amount of tin 
is relatively high and that of copper relatively low, indicating that copper has 
diffused through the object and was preferentially dissolved into the soil. Usually, 
aluminium and silicium are not present in a bronze matrix and it is therefore as-
sumed that these elements have diffused from the soil into the (already corroded) 
internal structure of the object. Taking into account the previously mentioned 
XRF and XRD results, probably both copper oxides and tin oxide are present in 
the grains. No lead, nickel, arsenic, or antimony were measured with SEM-EDS 
in this sample, as was the case for the majority of the studs analyzed with XRF. 
Probably the large amount of corrosion products obscure their presence here. 
Chlorine, phosphorous, and sulfur were found in all grains as well, in concentra-
tions less than � wt%.

A detailed view at the external features of the embedded leg, combined with 
elemental measurements, showed that there are several layers present on top of 
what seems to be the bulk. From the outside to the inside, the cyanoacrylate layer 
is encountered first, and its thickness varies from a few to several tens of microme-
tres. Beneath this, a layer rich in silicon and aluminium is present (about �0-20 
μm thick) which is most probably adhered soil. In one case, a small �0 μm thick 
fractured layer that appeared red under the optical microscope seems to rest on top 
of this soil layer. Based on its colour it is assumed that it is cuprite (section 9.2.2), 
but no compositional data is available at the moment. Directly on top of the bulk 
structure lies a tin-rich layer (spot measurements give values of about 60 wt% tin, 

0.2mm

Fig. 9.5 Cross-section of an 
embedded bronze leg from 
Zevenbergen. (top) Optical 
micrograph, showing a white 
layer covering the bulk, which 
consists of several coloured 
grain-like structures. (bottom) 
Backscatter electron image 
showing a corroded grain-
like structure in which the 
grains seem to be detached 
from each other. A continuous 
outer layer is seen as well. 
Figure by J. Nienhuis/J. van 
Donkersgoed.
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�6 wt% oxygen, �0 wt% copper) that is present almost everywhere. A mapping of 
the elemental distribution showed that this layer contains some copper, but hardly 
any oxygen and corresponds to the optically white layer on the sample. This seems 
to be contradictory to the hypothesis that this white layer is tin oxide. Zooming 
in on this layer showed that it is composed of acicular tin crystals (Fig. 9.6). A 
possible explanation for this stratigraphy is discussed in section 9.2.5.

So it seems that the white layer seen on the leg embedded in epoxy resin has 
a different microstructure and other mechanical properties than the bulk of the 
object. Not only is the colour different, the composition of the outer layer does 
not resemble that of the corroded grains. Both tin and copper are present, while 
for example iron is absent. The thickness of the white layer is relatively consistent 
and measures 40 μm. Also, the variety in colour on the studs indicates that this 
is not a simple diffusion situation. All in all, these features seem to point in the 
direction of the hypothesis that the studs have indeed been tinned intentionally. 
However, it is still very important to know the characteristics of an uncorroded 
stud microstructure in order to compare with this corroded sample, and conclude 
upon the yet unresolved problem of the high tin concentration on the surface of 
the studs. This will be further discussed in section 9.6.

9.2.5 How and when were the coloured areas formed?

It is useful to know the origin of the coloured areas described above, to determine 
whether they are consequences of intentional actions by the people who made 
them, or if the colours are caused by oxidation processes during the burial time 
of the studs, or even both. Therefore, this section discusses probable formation 
processes of the structures and colours found. 

Robbiola et al. (�998) propose a theory about two types of layered corrosion 
structures frequently found on bronze archaeological soil finds (Fig. 9.7). In both 
types, the process after burial starts with the alloy dissolution into the soil due 
to the corrosive environment. Next, ionic species migrate, and thirdly, ageing of 
corrosion products takes place. The duration of the first two steps is roughly tens 
of years, while the third continues during the entire burial time and can lead to 
an entirely corroded bulk. 

B ulk grain

Sn - rich crystals

A d hering so il

E m bed d ing m aterial

Fig. 9.6 Detailed view of the 
layered structure found on the 
cross-section of the embedded 
leg from Zevenbergen. Bulk 
grains can be seen, on top of 
which a layer with acicular, 
tin-rich crystals is situated. 
It is covered with adhering 
soil products. Figure by J. 
Nienhuis/J. van Donkersgoed.
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Type � (“even surfaces” or “passive layers”) structures can be ascribed to inter-
nal tin oxidation accompanied by selective copper dissolution (decuprification). 
Tin compounds are formed, which are insoluble in water and act as a passive 
barrier layer preventing further copper dissolution. Patina growth is controlled by 
cationic diffusion, where positively charged copper ions migrate from the alloy to 
the outer surface. In most cases, a bilayer is present with a pseudomorphic outer 
layer (4-50 μm) with a very low copper content (compared to the base alloy), a 
tin content comparable to that of the alloy and elements from the environment 
(silicon, oxygen, etc.). This is also the place where copper ions oxidize and form 
compounds like malachite (Chase �994, �0�). The inner layer, which is sometimes 
not observed, is in contact with the bulk bronze, and contains copper in the form 
of cuprite. Due to localized corrosion processes, type � can develop into a type 2 
structure during ageing, whereby for example cuprite (Cu2O) can transform into 
tenorite (CuO). 

Type 2 (“coarse surfaces”) structures are formed by anionic control, so by 
movement of negatively charged ions. This concerns mainly oxygen and chlo-
ride from the surrounding soil, forming a chloride-enriched zone at the interface 
between the alloy and the corrosion layers. Alteration and/or degradation of the 
original surface take place, resulting in corrosion structures of a total thickness of 
about 200 μm to several millimetres. These can be divided into three layers. There 
is an external zone of green copper compounds like malachite, an underlying red 
layer of cuprite that is mostly fragmented, and an internal layer with a relatively 
low copper content due to decuprification and high tin concentration, associated 
with chloride and oxygen ions. Scott (2002, �3) adds that removal of the tin-rich 
phase of the alloy can occur and a surface corrosion layer of tin oxide can form. 
The copper-rich phase will therefore corrode last. 

On the studs measured with XRD, several types of copper corrosion products 
(malachite, tenorite, cuprite) were found next to cassiterite, a tin corrosion com-
pound. Since no significant chlorine concentrations were measured with XRF 
and SEM-EDS, the explanation of the corrosion product formation is probably 
not characterized by a type 2 structure. The outline of the objects is still clearly 
visible and the size variations are relatively small (chapter 7). A type � corrosion 
process with the diffusion of oxygen and copper throughout the structure fits this 
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growth showing the two 
main types of corrosion 
structures found on archaeo-
logical bronzes. Figure after 
Rahmouni et al. 2009, fig. 2/J. 
van Donkersgoed. 
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description quite well. But the cross-section of a white leg (Fig. 9.5) shows that 
there is no clear bilayer present, and the chemical composition does not confirm 
the characteristics of a type � structure. The existence of an outer SnO2 layer is 
still under discussion, and the oxidized grain structure of the bronze bulk is not 
directly explained by Robbiola’s typology of bronze corrosion. This could imply 
that the corrosion circumstances were markedly different than usual. Also, the 
studs could have been tinned intentionally, whereby the initial structure used to 
explain the corrosion structures is already deviating. A combination of both fac-
tors cannot be ruled out either. 

In summary, there are two options:

The bronze studs from mound 7 have not been tinned on purpose. The lay-
ered structure surrounding the bulk is a result of copper dissolution in the soil 
and oxygen diffusion during their burial time. Cassiterite, tenorite, cuprite, 
and malachite are formed at the surface and a marked interface of a layered 
structure with the bulk can occur, even though a gradual diffusion zone is 
encountered more often on antiquities. Different appearances occur due to 
different environmental circumstances (i.e. by surrounding support material 
and/or previous heating effects induced by the pyre). The internal structure 
is oxidized by physical disruption of the outer layer or by prolonged diffusion 
during their burial time. 

The studs have been tinned intentionally. During use, the silvery coating 
has worn off completely or only at the heads, while the legs were fastened 
in a support and the coating stayed intact. On the studs where the original 
tinned layer still remains, cassiterite will be the main corrosion product that 
is formed after burial. In time, the copper-rich phase will oxidize as well. On 
the more worn samples, copper corrosion products will predominate. During 
2500 years the bulk could have started corroding as well, due to diffusion 
through the outer layers. However, the microstructure of the bulk is different 
from the outside in the case of intentional tinning (section 9.2.3), and so the 
corrosion structure will be different as well.

Combining these considerations with the discussion in section 9.2.4, makes op-
tion � seem the least probable. Option 2 gives the most plausible explanation for 
the existence of studs that are entirely covered in white, so including the inside of 
the head (like the ones in figure 9.�, B and C). In option �, the colouration of the 
studs would be reversed to what was observed (section 9.2.3): the white tin oxide 
would cover everything but the legs and occasionally, when a whole stud was sur-
rounded by organic material, the entire stud would have a whitish appearance.

The cross-section of the leg showed that there is a clear difference between the 
layered surface and the bulk. It showed a marked interface and no penetration 
zone into the bulk. The outer white layer seemed largely intact and continuous, 
while the internal bulk structure showed detached grains. It is most likely that this 
is a result of a deliberately added layer. The existence of two seemingly different 
corrosion structures on one object could be explained by the influence of the heat 
of the pyre. An object with no intentionally applied tin-rich layer would prob-
ably undergo an annealing treatment when situated near the pyre (section 9.2.4). 
Coring could be induced and intergranular corrosion would be seen along the 
(recrystallized) grain boundaries throughout the bulk, including the surface. The 
microstructure of a tinned layer is different from that of the bulk and consequently 
will react differently to the application of heat (Fig. 9.8). It shows that excess tin 
can still be present after tinning and even after heating. At the moment it is not 
possible to distinguish between simple dip tinning and cassiterite reduction as the 

�.
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used method, since the phases ε, δ, and η have not been identified. It is unclear, 
however, why this tin-rich layer has supposedly not oxidized to SnO2, while the 
rest of the microstructure of the stud seems to be corroded. A similar question is 
also posed in section 9.2.2, where the occurrence of curly malachite is discussed. 
It seems likely that external factors have had a large influence on the oxidation 
process. Not only the pyre or the organic support material, but also parameters 
like the CO2-concentration and the pH of the soil are important to investigate 
as well (section 9.6). It is for example known that the more CO2 is present in the 
surrounding soil, the more likely it is that malachite and tenorite will form as 
main copper corrosion products (Tylecote �979).

If the bronzes were tinned intentionally, the silvery layer would cover the entire 
stud. If a leg broke off during use, the cross-section would show a layered struc-
ture. A 40 μm thick white layer was seen on several fractured surfaces. However, 
studs were found on which the fractured surface also shows white areas in its 
centre. Inside the cross-section of the leg (Fig. 9.5), optically white grains are also 
present. At the moment it is not possible to determine what their origin is, since 
SEM(-EDS) analyses did not directly show a microstructural or compositional 
correlation of these grains with the tin-rich layer shown in figure 9.6 (see section 
9.6 for future research). 

In conclusion, the white tin-rich layer seen on several studs was probably 
formed as a result of tinning, and locally possibly corroded to SnO2. The other 
coloured areas are also corrosion products formed while the object was in the 
ground. Sometimes it is so extensive that the bulk of the bronze was oxidized as 
well, thereby obscuring the original microstructural features.

Fig. 9.8 Summary diagram of 
tinned structures with simple 
dipping after heating. Figure 
after Meeks 1986, fig. 8.
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9.2.6 One batch of bronze?

The results from the previous sections show that the coloured features found on 
the studs are mostly the result of corrosion processes. But what does this reveal 
about the underlying bronze? This section tries to establish whether the studs were 
all made from the same batch of bronze, because this may provide insight into 
whether the studs were made at the same time in the same workshop. In order to 
achieve this, optical characterization of the intact studs from the study sample and 
XRF measurements were performed on 56 stud fragments (section 9.�.2). 

The variations in shape of the studs and colour of the bronzes are quite large 
(chapter 7), but no clear correlation between these two features was found. For 
example, there are completely white studs that have bent legs, but there are also 
dark brown studs that have folded legs. Elemental analyses did not indicate such a 
correlation either, and no coherence between composition and spatial distribution 
in the mound was found. All the samples from the study set contain more or less 
the same set of elements: copper, tin, lead, arsenic, nickel, antimony, and iron. 
As argued above, iron is mainly present due to adherence and/or local minerali-
zation of iron-containing soil products. The presence of the corrosion products 
malachite, tenorite, cuprite, and cassiterite explains the appearance of large peaks 
of copper and tin detected with XRF. As mentioned before, large peak ratio dif-
ferences are not uncommon in corroded bronze. In some cases, not all of the 
above-mentioned elements were measured with XRF. In this case, XRF probed 
mostly corrosion products and only a small part of the original metal matrix. 
These observations lead to the hypothesis that the studs measured with XRF could 
well be made from the same base alloy. 

Considering the small dimensional variation of the studs, it is highly likely 
that they were even made in the same workshop with the same tools. However, 
for this to be conclusive, the chemical composition of the uncorroded bulk of the 
studs (if present) should be determined. 

9.2.7 Organic residue?

It is highly likely that the studs found in Zevenbergen have been affixed to a 
support. One can think of textile, leather, or wood (chapters 7 and ��). Possible 
organic residue was encountered in the hollow head of two large studs during 
restoration (Fig. 9.9). Several analytical techniques were employed to determine 
the type of material left. The microscopic study and SEM analyses performed on 
two large studs are discussed here.

The plant fibre in the stud from level �, square B/2 (Fig. 9.9) can reasonably 
be seen as rather recent. It is not burned, as would probably be the case if the stud 
had been situated near the pyre. Also, it has grown through the brownish soil 
products and the green products that are assumed to be the result of corrosion 
(section 9.2.2). Therefore, the fibre probably does not belong to the substrate 
material of the stud.

SEM analyses allowed a more detailed view, as can be seen in figure 9.�0. 
Semi-quantitative measurements with SEM-EDS of the composition were per-
formed as well to provide a guide to the type of material present. However, from 
this elemental composition alone it is not possible to discern between, for exam-
ple, wool and wood. For this differentiation, DT-MS can be used (chapter ��). 
The hollow space inside the head of the studs seemed to be completely filled with 
organic material. It is therefore assumed that the elements measured with SEM do 
not originate from the bronze beneath it. 
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The two large studs seem to possess different features, although similarities 
were observed as well. On both samples, sand grains could be identified, as well 
as layered cellular structures (best visible on the stud from level 3, square B/2; 
Fig. 9.�0). These structures were in some cases visible under a microscope as well 
and appear black. The black colour indicates that they are likely small pieces of 
charcoal, which were also found in this part of the burial mound itself (chapter 5). 
Since the cellular structured pieces are embedded in other soil products and seem 
to have a random orientation, it is assumed that they do not form a constituent of 
the support material of the studs.

The semi-quantitative measurements of the organic material showed that the 
two studs contain the same elements in the hollow space inside the head. Their 
concentrations differ, which is mostly due to the measurement positions, which 

2mmOrganic residue
Plant fibre

Curly malachite

Fig. 9.9 (right)Optical mi-
crographs of the (location of) 
possible organic residue, plant 
fibre, and curly malachite in 
a stud from V 173A, level 
1, square B/2. Figure by J. 
Nienhuis/J. van Donkersgoed.

Sand grain
Curly malachite

Cyanoacrylate
Cellular structures

Fig. 9.10 Details of the 
organic residues, electron 
micrographs. (left) Sand 
grains, cyanoacrylate, and 
copper-rich products in the 
stud from V 173A, level 1, 
square B/2. (right) Layered, 
cellular structures in the stud 
from V 173A, level 3, square 
B/2. Figure by J. Nienhuis/J. 
van Donkersgoed.
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were spots with varying amounts of sand grains, charcoal, and corrosion product. 
It is assumed that mostly soil products were measured. Strontium, zirconium, 
silicon, and aluminium point to the presence of clay and/or sand grains, while 
carbon, calcium, and phosphorus seem to originate from ashes, charcoal or un-
charred organic remains. This is in agreement with the charcoal and sand grains 
that were found. Iron was also identified, which probably originates from the 
slightly shiny black component in the hollow heads of both bronzes as seen under 
a microscope. The appearance is that of magnetite (Fe3O4) and it is assumed that 
dissolved iron from the soil has precipitated on particles in the inside of the stud, 
in the form of magnetite. 

Under standard conditions in poor (i.e. pure quartz) and dry soils, this mineral 
will not necessarily form. This indicates that locally different (i.e. reducing) con-
ditions were present in the environment of burial mound 7, where the formation 
of magnetite consequently took place. 

9.2.8 Conclusion on colours and corrosion

In summary, several colours were found on the bronze studs from the study sample 
and measured with several techniques. Brown areas are combinations of bronze, 
corrosion (mainly tenorite, CuO), and soil products. Green patches with two 
different morphologies were seen as well. The grain-like shape is predominant 
and is identified as the corrosion product malachite (Cu2(CO3)(OH)2. On only 
two studs a definite curly shape was found, and this special type of supposedly 
malachite is assumed not to be a direct pseudomorph of support material of the 
studs. However, its presence seems to be related to the former presence of organic 
remains. Red particles were observed and these are most likely a copper corrosion 
product (cuprite, Cu2O) formed during the burial time of the studs. A substantial 
number of studs display a white appearance, and a cross-section of a stud leg 
revealed that it is positioned as a layer with acicular, tin-rich crystals around a 
corroded bulk structure. It is hypothesized that the bronze studs once were tinned 
intentionally, giving them a silvery appearance. Possibly due to complicated cor-
rosion processes, this layer turned white. So it seems that all coloured features 
seen today are the result of products formed while the studs were in the soil of 
mound 7. 

9.3 Reconstructing how the mound 7 studs were made

This section discusses the most probable production process of the bronze studs, 
thereby answering the second research question. First, some theoretical considera-
tions regarding the production of studs are discussed (section 9.3.�). These were 
used to reconstruct the most plausible production process. Using this process 
several studs were made, as described in section 9.3.2.

9.3.� Forming bronze

There are two basic ways to manufacture bronze objects that were in use during 
the Iron Age (Scott �99�): casting or forging (hot and/or cold), a combination 
also being possible. Casting yields a fully shaped artefact, where finishing mostly 
consists of only removing flashes and seams either by cold-working or polishing. A 
mould is required to define the shape of the object. However, casting of very small 
objects with thin walls (less than � mm) is not easy and very labour-intensive. 
Cold-working of bronze is very well possible, but with large dimension changes, 
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the material needs to be heat-treated in order to prevent embrittlement. Thinner 
but less intricate objects compared to casting can be shaped in this way, and thin 
sheets from which shapes can be cut are readily formed with working. 

The differences between these two ways of shaping objects can be identified on 
an object in several ways. The least invasive research is looking on a macro-scale at 
the presence of visible traces of the processing steps, like polishing and working. 
One can also zoom in on the metal and look at the microstructure: the assembly 
of micro-scale crystals and inclusions in a material, with characteristic features 
like grain dimensions, morphology, and phase composition. This structure is the 
result of steps of the production process. Consequently, by studying the micro-
structure of the bronze studs from Zevenbergen, this process can be reconstructed. 
However, cross-sections need to be made, which means undesirable destructive 
research.

In the case of the bronze studs from mound 7 in Zevenbergen, casting of the 
objects seems unlikely because it is way more complicated and time consuming 
than necessary. A mould of sand can be made, but since the mould cannot be 
reused, several hundreds of them would need to be formed. Lost-wax casting can 
also be used, but a complex system of casting channels is required. Also, a new 
mould needs to be produced for every single (batch of ) object(s). That is not the 
case with a bronze bi-valve mould. However, making a bronze mould in the first 
place would take a lot of effort. This would be considerably easier using clay, 
which can be shaped into a mould by using a model of a stud. Re-use of the mould 
is not possible because the clay material has to be broken off after casting to re-
trieve the bronze object. However, once a stud model is made, a mould containing 
several tens of shapes can be made. 

Hallstatt period studs found in burial places with a slightly different shape 
and/or composition have been found in Germany, and several production meth-
ods are described by Koch (�999) and Raub (2002). These authors suggest that 
first a parallelogram is cut out of gold or silver “foil” (ca. 300 μm thick) with a 
stone knife. A U-shaped punch is used to bend the shape, and the result is a U-
shaped stud with pointy legs with a facetted side of around 30°. Rounded sides are 
found as well, and it is believed that this is the result of finishing after cutting. To 
produce semispherical studs, a punch with a semispherical head is used. Another 
initial shape can be used for bronze or gold-silver alloy foil with a thickness less 
than 80 μm. A spherical disc is punched from the foil and bent directly around a 
leather strap. Consequently, the entire stack of metal with leather is punched to 
yield a semi-spherical shape. For all shapes, mass production originating from one 
workshop is assumed as they are all (practically) the same size. 

In the present research, the assumption is made that the studs have been pro-
duced using several working methods, partly conform the observations of Koch 
and Raub. This hypothesis will be elaborated on in the next section, where an 
actual reconstruction experiment of the stud production from Zevenbergen is 
described in order to determine in an easy, non-destructive way whether forging 
could indeed have been used to produce the objects.

9.3.2 Reconstruction of stud production

For this reconstruction, modern materials and tools were used, but in such a 
way that they have ancient counterparts. The sequence of steps is schematically 
displayed in figure 9.��. The reconstruction started with a thin (~0.7 mm) sheet 
of nearly pure copper. A sheet with such a small thickness could be created in the 
Iron Age by repeated hammering (and annealing) of a cast ingot, preferably cast 
in a flat shape. The outline of the unfolded stud was cut out and flattened with a 



20 transformation through destruction

1 Cut a template from a thin sheet of bronze. 

2  Finish the rough edges. 

3  Place the punch on the template, above a preformed
hole, and hit it.

3A  The outline of a stud starts to form. 

4A Pointy legs; 4B Parallellogram. 

1A Pointy legs; 2B Parallellogram. 

2A Facetted legs; 2B Rounded middle 

 hammering the stud around the punch.

A

B

A

B

A B

How to make a stud in four steps

Fig. 9.11 Possible production 
process of the bronze studs from 
Zevenbergen (by T. Beentjes). 
Figure by J. Peters/J. van 
Donkersgoed.
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hammer. The set found in Zevenbergen mainly shows a variation in the size and 
model of the legs (chapter 7), which is taken as a starting point for the initial 
template. It is assumed that this variation originates from the use of different 
forms in the first step of the production process. Not only pointy legs can be cut, 
also parallelograms (Fig. 9.� and 9.��). By aligning the templates before cutting, 
economic material use is obtained. The (anti-)parallel models will yield a stud that 
is more stable when it is placed on the surface it needs to be driven into. Some legs 
seen in the sample set are facetted, other legs and the sides of the semi-spherical 
head have a more rounded outline. This is too pronounced to be the result of 
cutting tools alone, or of corrosion processes. It seems likely that rough edges were 
finished to facilitate handling, but also for aesthetic reasons. Polishing the studs, 
especially the visible parts, will smooth the surface and create a lush appearance. A 
plausible reason to facet legs is that this enhances the “drilling” of the object into 
a solid substrate. Therefore, step two in this reconstruction was to facet the legs, 
and to make a round edge alongside the head using a fine file (Fig. 9.��, 2). 

Everything is now ready to transform the flat shape into a three-dimensional 
object. A vital tool in this final step is a punch with a rounded (or spherical) head, 
its size determining the inner diameter of the head of the stud. A metallic punch 
seems to possess the right hardness to deform the copper sheet, even though wood 
is an option as well. It was used to preform a hollow shape in the substrate mate-
rial, on which the flat model was positioned. When this material is too soft (for 
example wood), a hollow side-view of the head is obtained. Removing the finished 
stud can also cause some trouble. A material with a higher resistance to deforma-
tion will prevent this problem and will yield a straight head side-view, which is the 
most seen configuration in the Zevenbergen set. In the reconstruction, the centre 
part of the template was positioned above a preformed depression in a lead slab 
(Fig. 9.��, 3). Repeated controlled punching will define the rounded head. When 
the object is removed from the substrate material, the legs will not be positioned 
in a 90° angle (Fig. 9.��, 3a). Therefore, a last step is needed (Fig. 9.��, 3): the 
stud was placed on top of the punch and hammered in shape to straighten the 
legs.

Once finished, the stud was gently driven into a piece of wood with a flat steel 
hammer. This resulted in visible flattening of the semi-spherical head. This is not 
seen on the studs from Zevenbergen, so either a hollow metallic punch was used 
to avoid flattening, or more likely, a hollow wooden punch was used. When the 
stud is not hit in the centre, it is difficult to align the object perpendicular to the 
wooden surface, and skewed legs can be seen when the stud is removed from the 
support material. This suggests that studs with opposite parallel end points of the 
legs are more stable and suitable for driving the stud into a harder material like 
wood, for which punching is needed. In leather, pointy legs would be sufficient to 
insert the stud in a pre-cut strap. 

This experiment shows that a nicely finished stud, comparable to those found 
in the burial mound, can be produced in relatively few steps and with simple 
tools. The proposed production method explains all dimensional features that are 
found among the bronzes from Zevenbergen (Fig. 9.��), but does not intend to 
be the only possible method. The shape of the side of the head is defined by the 
number of times of hammering with the punch and the sequence is: first a hollow 
head is formed, then upon hammering a straight side view and further working 
will result in a spherical side view. When the template is not exactly centred above 
the preformed depression, a zigzag shape can be seen at the angle between head 
and legs. The outline of the template is a result of finishing after cutting the initial 
shape, where either a facet or a rounded outline can be obtained. The difference in 
the tip shapes of the legs (either pointy or parallel) is created in the cutting stage. 
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The position of the legs seems to be related to the use. They can be bent inwards 
or outwards to prevent the points sticking out of the support material. Skewed 
legs are seen when the stud is not driven in at the centre of the head in the sup-
port. Since the studs are all (practically) the same size (chapter 7), it means that 
they were probably all made using the same production steps and tools, maybe 
even by the same person. To make the reproduction more realistic, improvements 
can be made on several points. This could be included in future research and is 
described in section 9.6.

9.4 Conservation of the studs: help or hinder?

This section discusses the advantages and disadvantages of the conservation work 
done on the Zevenbergen studs, as encountered during the application of several 
analytical techniques, thereby answering the third research question.

For the bronze finds of Zevenbergen, the value of the conservation of the 
studs is a little ambiguous. On the one hand, without physical consolidation, 
this type of research could not have been performed in the first place since the 
objects would have disintegrated upon touching. However, the conservation ma-
terials sometimes hinder obtaining information. The bronzes were treated using 
several chemicals and coatings (chapter 8). One of the most obvious features is 
the near plasticized appearance. Not only does this influence the aesthetics, it 
reflects the light in such a way that a discoloured and less readable image is formed 
when making optical micrographs. Two clear examples can be seen in figure 9.�2. 
Cyanoacrylate was most likely applied with a small brush, which shows at high 
magnification under a microscope. With the naked eye, this streaked appearance 
can easily be mistaken for use traces or remains of the production process (cp. Fig. 
7.8). Another feature that is ascribed to conservation is the presence of rod-like 
particles on top of the cyanoacrylate layer (Fig. 9.�2, B), which locally obscure or 
blur the surface view. 

Another disadvantage of the use of polymeric coatings was encountered during 
the analysis by means of Scanning Electron Microscopy. Polymers are non-con-
ductive, which means that the incoming electrons pile up and form a charged 
area on the sample, disturbing the observation, even in low vacuum. Imaging is 
also performed with an electron beam and thus repulsion will occur, leading to an 
opaque picture (Fig. 9.�0). This means that where the objects were coated, hardly 
any details on the surface of the studs can be discerned with SEM. The organic 
conservation material in principle does not influence the compositional measure-
ments, since the elements present in the coatings are too light for an electron 

Fig. 9.12 Optical micrographs 
of the influence of conservation 
material on the bronzes. (A) 
Discolouration and a streaky 
appearance; (B) crystal-like 
structure on the surface. 
Figure by J. Nienhuis/J. van 
Donkersgoed.0.5mm

A B

0.5mm
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microscope or XRF instrument to detect. However, the elemental analysis of a 
coated area cannot be related to the structure since the region of interest cannot 
be mapped or visually checked. 

The substances used for consolidation, restoration, and conservation are not 
crystalline and thus do not form a problem when XRD is carried out. Light ele-
ments were also not detected in the set-up used for XRF analysis of the bronze 
studs, so these materials did not influence the compositional measurements. 
However, the coating forms an extra layer that the incoming X-rays as well as the 
resulting photons need to pass through. Consequently, the intensity will be de-
creased and a lower penetration depth and absolute number of counts will be the 
effect. However, this effect is very small compared to the total number of counts. 

9.5 Conclusion

In this research, several analytical techniques were employed to answer the three 
research questions introduced in section 9.�. 

Firstly, a combination of Optical Microscopy, X-Ray Fluorescence, X-Ray 
Diffraction, and Scanning Electron Microscopy analyses was used to establish the 
composition of the studs, and whether this would make identifying the different 
colours possible. The analyses showed that a layered corrosion structure is present 
on the bronze studs from Zevenbergen. This complicates the determination of 
the original alloy, but it could still be deduced that it contains copper with tin 
as a major alloying element. Minor constituents are lead and arsenic and most 
probably also nickel and antimony. It is not unlikely that the studs are made from 
the same base alloy. The brownish-black colour seen on the majority of the studs 
is a combination of bronze, the corrosion product tenorite, and soil products. A 
tin-rich surface layer, locally seemingly oxidized to cassiterite, causes the white 
exterior seen on about a third of the sample set. It is assumed that the objects were 
tinned intentionally before use to create a silvery appearance. The green regions 
found on most studs were identified as malachite. Two different morphologies 
of this corrosion product coexist: grain-like and curly. The curly shape is not re-
garded as a direct pseudomorph of support material of the studs. Occasionally, red 
particles were found on the surface and it is highly likely that they can be classified 
as yet another corrosion product: cuprite. A mechanism for the corrosion process 
is proposed. The organic residue found in two large studs mainly consists of soil 
products combined with pieces of charcoal, which are assumed not to have been a 
part of the support material of the studs. 

Secondly, this research attempted to reconstruct how the studs likely were 
made. Several theoretical ways of producing bronze studs were considered, and a 
reconstruction of a plausible production process was carried out and described. 
This revealed that once a thin sheet of bronze is obtained by casting and hot- and/
or cold-working, a template in the shape of a (more or less pointy) parallelogram 
can be cut out. The rough edges are smoothed to a round outline, and some 
legs are facetted to facilitate driving the stud into its support material. Next, a 
(probably metallic) punch with a spherical head is used to preform a depression 
in a block of material with a high resistance to deformation (e.g. bronze). The 
centre part of the template is then positioned above this depression and repeated 
punching will define the rounded head of the finished stud. Hammering the stud 
around the punch yields the final shape. Since the bronze studs are all (practically) 
the same size, they were probably all made using the same production steps and 
tools, maybe even by the same person.



24 transformation through destruction

Lastly, this research considered whether the conservation treatment of the 
studs influenced the analyses. While performing the various analyses, several ob-
servations were done that led to a description of advantages and disadvantages of 
the use of conservation treatments. The most positive influence is that the current 
treatment consolidated the fragile bronze studs, so that they can be handled and 
analyzed. However, disadvantages were encountered as well. The cyanoacrylate 
coating reflects the light in such a way that a discoloured and blurred image is 
formed when making optical micrographs. Also, the low conductivity of this 
polymer complicates the imaging in Scanning Electron Microscopy, and conse-
quently also the positioning of the compositional measurements. Its light com-
ponents cannot be determined with X-Ray Fluorescence and Scanning Electron 
Microscopy, so it does not influence element identification on the bronzes. None 
of the conservation materials used form crystalline structures, so there is no prob-
lem in analyzing (corrosion) compounds with X-Ray Diffraction. 

9.6 Possibilities for future research

Even though this research revealed a lot, it also raised more questions. In this 
section these questions are discussed, as well as the possible ways of answering 
them.

The chemical composition of the bronze alloy could not be reliably assessed 
and quantification was difficult due to the presence of corrosion products. More 
accurate compositional analysis could be done on more cross-sections, also to de-
termine whether tinning-specific phases are present in the outer surface layer. For 
this, destructive sectioning of several studs would be necessary, and it is optimal if 
a stud with an uncorroded core is sectioned. X-Ray Fluorescence in combination 
with Scanning Electron Microscopy allows a view on the average composition of 
the cross-section and on the microstructure that shows the local distribution of 
elements and bears traces of the production process. It could then also be deduced 
whether intermittent recrystallizing had taken place between production steps. 
A proposal of a sectioning method can be found in figure 9.��. A cut should be 
made in two perpendicular directions, so that a lengthwise cross-section through 
the legs and through the head is obtained. Layers in the metallic core and the 
corrosion layers are then clearly visible and composition gradients can be analyzed 
as well. Ideally, a section made across the legs would be made as well, where pos-
sible traces of faceting could be found. The intact stud would probably have to 
be embedded into a polymeric resin before sectioning to be able to handle the 
resulting pieces of bronze.

In order to decide from which studs useful cross-sections could be made, the 
objects could be integrally analyzed with X-ray photography and micro-tomogra-
phy. Density differences (between the corrosion products and the metallic core) 
can be mapped on a (micro-)scale and it is thus, in principle, possible to see 
whether a bronze core still exists. However, these techniques do not reveal features 

Fig. 9.13 Indication of the po-
sition of the cross-sections of 
the studs that could be taken 
to study the microstructure 
and corrosion layers. (1) Top 
view of sectioning of (embed-
ded) sample using a saw along 
line a and b (side views of 
consequent cross-section); (2) 
resulting quarter of a stud 
with respective side views. 
Figure by J. van Donkersgoed.
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on a micrometre scale, so to closely study the microstructure, cross-sections still 
have to be used. Also, density measurements using a pycnometer can provide a 
means of comparing the density of the studs with theoretical values of bronze and 
tin and copper corrosion products. 

The understanding of the corrosion processes that have played a role during 
the lifetime of the studs is far from complete. The corrosion products need to be 
characterized more specifically and on more samples using XRD or Raman spec-
troscopy. It is vital to compare the corrosion structures with a bronze bulk of a stud 
that has not entirely been corroded. Also, more literature on soil influences can 
provide more insight into the essential parameters of bronze corrosion. Chemical 
analysis of the soil in and around mound 7 could be of additional value.

The physical reconstruction of the bronzes can be improved as well. First, if 
the chemical composition of the base alloy from Zevenbergen could be quanti-
fied, a thin sheet with that exact composition and microstructure could be made. 
This would give insight in the ductility, formability, and hardness of the material. 
Also, tools of the type used in the Iron Age should be used to reconstruct the 
production steps, and the possible traces of polishing, filing or scraping, could be 
studied and checked on the studs from Zevenbergen if the corrosion products do 
not inhibit a good view.

It is striking to see that the legs of studs that are not intact seem to have 
consistently fractured just beneath the head. Did they fracture at exactly that 
spot because of deformation during the production process or the attachment of 
the stud to leather, wood or textile, or is this only related to corrosion processes? 
Finite element simulation of the forces that are applied to the studs during these 
various stages may be very helpful in determining a possible cause for fracture. 
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